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VERTICAL FIELD EFFECT TRANSISTOR ON
OXIDE SEMICONDUCTOR SUBSTRATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 U.S.C. §119
(¢) of the earlier prionity date of U.S. Provisional Patent
Application No. 61/524,510 entitled “Vertical Metal Insula-

tor Semiconductor Field Effect Transistor,” by Bunmi Ade-
kore, filed on Aug. 17, 2011, which 1s expressly hereby incor-
porated by reference herein 1n its entirety.

BACKGROUND

1. Technical Field

The disclosed subject matter relates generally to metal
insulator field effect transistors and methods of making the
same, and more specifically to vertical field effect transistors
and metal insulator field effect transistors comprising of
group-111 nitride materials and/or zinc insulator based semi-
conductor field effect transistors.

2. Description of the Related Art

A vertical field effect transistor (VFET) 1s a unique class of
a three terminal transistor. A VFET includes source, drain and
gate electrode terminals, and the VFET sustains electric fields
between the source and drain terminals vertically. A VFET 1s
typically manufactured using silicon-based semiconductor
materials. The advantage of using silicon-based materials
includes a cost-etficiency and a high performance. The high
performance of silicon-based VFET 1s attributed to a low
defect interface between the silicon and a gate dielectric. The
gate dielectric 1s a material suspended between the semicon-
ductor layers and the gate electrode and 1s employed to
achieve a field effect 1n a transistor. The mnsulator can include
a silicon dioxide mnsulator and/or other “high-K” dielectric
insulators, such as a hatnium 1nsulator.

However, silicon-based VFETs have fundamental limaita-
tions. First, silicon-based VFETs cannot operate at high volt-
ages because of the silicon’s properties. The critical field of a
material can be considered a strength of an electric field
beyond which a material breaks down and losses 1ts semicon-
ductor properties. Because silicon has a relatively low energy
band gap (e.g., 1.14 eV), the critical field of silicon 1s low.

Theretore, silicon-based VFETs are not amenable to operat-
ing at high voltages. Second, the switching frequency of
silicon-based VFETs 1s oftentimes below 100 kHz. Third, the
on-resistance of silicon-based VFETs 1s often high, e.g.,
above 200 mQ-cm™>. Lastly, the operating temperature of
silicon-based VFETSs can be low, e.g., around 1350° C.

Some of the deficiencies of silicon-based VFETSs can be
addressed by silicon carbide (S1C) based VFETSs. The higher
band gap of Si1C (e.g., 3.0 eV) enables a higher operating
voltage of VFETs, up to 10,000V, higher switching frequen-
cies, desirable lower on-resistances, and higher operating
temperatures of about 230° C.

However, S1C-based VFETs are expensive to manufacture.
To manufacture a power transistor that can accommodate up
to 10,000V, the S1C epitaxial layer 1n the transistor should be
substantially thick, e.g., in the range of 10 um-100 um.
Because such a thick SiC epitaxial layer 1s required, the
levelized cost to manufacture a S1C-based VFET can beup to
100 times more expensive compared to a silicon-based VFET.
Furthermore, the on-resistance of a S1C epitaxial layer can be
high, which can limit the performance of the Si1C-based
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2

VFET. The high cost of manufacturing, as well as limited
performance, slowed the adoption of S1C 1n power transistors.

SUMMARY

Certain embodiments of the disclosed subject matter
include a transistor. The transistor can include a substrate and
a driit layer disposed on a first side of the substrate, where the
drift layer comprises a gallium nitride (GaN) based material
or a zinc oxide (ZnQO) based material, and where the driftlayer
has a thickness greater than about 3 um. The transistor can
also include a source electrode disposed above the drift layer,
a gate electrode disposed above the drift layer, and a drain
clectrode disposed on a second side of the substrate.

In one aspect, the transistor can also include a channel layer
disposed between the drift layer and the gate electrode, where
the channel layer has an 1dentical polarity as the driit layer.

In any of the embodiments described herein, the channel
layer and the source electrode can form a mesa structure.

In any of the embodiments described herein, the width of
the mesa structure 1s less than about 20 um, forming a nor-
mally-off switch.

In any of the embodiments described herein, the width of
the mesa structure 1s greater than about 20 um, forming a
normally-on switch.

In any of the embodiments described herein, the substrate
comprises a ZnO-based material.

In any of the embodiments described herein, the transistor
can also include a butfer layer disposed between the substrate
and the drift layer, where the bulfer layer comprises one or
more of Zn Mg, O, Zn Co,_ 0O, and Al Ga,_N, O=x=<]1.

In any of the embodiments described herein, the substrate
can include a material having a crystal orientation selected
from the group consisting o1 (000x1) c-plane polar materials,
(10+£10) m-plane non-polar materials, (11£20) a-plane non-
polar materials, and (10-1+1), (20-2+1), (10-1£2), (11-2+1),
(11-2+2) semipolar matenals.

In any of the embodiments described herein, the transistor
can also include an interface layer disposed between the
source electrode and the drift layer, wherein the interface
layer has a polarity opposite to the driit layer to form a p-n
junction.

In any of the embodiments described herein, the substrate
comprises a metal.

In any of the embodiments described herein, the transistor
can also include a bonding layer between the substrate and the
driit layer, where the bonding layer 1s configured to bond the
substrate and the drift layer.

In any of the embodiments described herein, the transistor
can also include an isulating layer disposed between the gate
clectrode and the dnit layer, where the isulating layer is
configured as a trench recessed 1nto at least a part of the drift
layer.

In any of the embodiments described herein, the transistor
can also include a first semiconducting layer and a second
semiconducting layer disposed between the drift layer and the
gate electrode, where the first semiconducting layer and the
second semiconducting layer are configured to form a p-n
junction.

In any of the embodiments described herein, the transistor
can also include a p-well disposed 1n or above the drift layer,
and an n-well disposed within the p-well.

Certain embodiments of the disclosed subject matter
include a transistor. The transistor can include a substrate
comprising a ZnO-based material, a buifer layer deposited on
a first side of the substrate, and a first semiconducting layer
disposed on the butfer layer, where the first semiconducting
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layer 1s deposited on the first side of the substrate using one of
chemical deposition processes, and where the first semicon-
ducting layer has a thickness greater than about 3 um. The
transistor can also 1nclude a source electrode and a gate elec-
trode, disposed above the first semiconducting layer, and a
drain electrode disposed on a second side of the substrate.

In any of the embodiments described herein, the chemical
deposition processes comprise atomic layer deposition
(ALD), metal-organic chemical wvapor deposition,
(MOCVD), hydride vapor phase epitaxy (HVPE), and liquid
phase epitaxy (LPE).

In any of the embodiments described herein, the first semi-
conductor layer comprises Al Ga, N and/or Zn Mg, O
materials where O=x=<1.

In any of the embodiments described herein, the transistor
can further include a second semiconductor layer deposited
using metal-organic chemical vapor deposition (MOCVD)
and/or Molecular Beam Epitaxy (MBE).

In any of the embodiments described herein, the first semi-
conductor layer and the second semiconductor layer form a
mesa structure, where a width of the mesa structure 1s con-
figured to determine a normally-on characteristic of the tran-
s1stor.

In one aspect, a transistor comprises a substrate comprising,
a /nO-based material, and a structure disposed on a first side
of the substrate, the structure comprising a plurality of semi-
conductor layers and the semiconductor layers comprising of
a plurality of Al Ga,_N and/or Zn Mg,_ O matenals.

In one aspect, a transistor comprises a substrate comprising
a /nO-based material, and a structure disposed on a first side
of the substrate, the structure comprising a plurality of semi-
conductor layers and the semiconductor layers comprising of
a plurality of Al Ga,_N and/or Zn Mg, O materials. The
device further comprises of the semiconductors layers and
metal and/or conducting semiconductor material electrodes
supported on the first and second side of substrate.

In one aspect, a transistor comprises a substrate comprising,
a /nO-based material, and a structure disposed on a first side
of the substrate, the structure comprising a plurality of semi-
conductor layers and the semiconductor layers comprising of
a plurality of Al _Ga, N and/or Zn Mg, O materials com-
prising of n-type or p-type species and wherein the n-type or
p-type species may be introduced by one or a plurality of
doping techniques including ion-implantation, gas-phase
incorporation, solution incorporation and diffusion. The
device further comprises of the semiconductors layers and
metal and/or conducting semiconductor material electrodes
supported on the first and second side of substrate.

In one aspect, a transistor comprises a substrate comprising,
a /nO-based material, and a structure disposed on a first side
of the substrate, the structure comprising a plurality of semi-
conductor layers and the semiconductor layers comprising of
a plurality of Al _Ga,_ N and/or Zn Mg, O materials. The
device further comprises of at least one dielectric or insulat-
ing medium sustained on surface and/or the near-surface
regions of the semiconductors layers and metal and/or con-
ducting semiconductor material electrodes supported on the
first side of substrate.

In one aspect, a transistor comprises a substrate comprising
a /nO-based material, and a structure disposed on a first side
of the substrate, the structure comprising a plurality of semi-
conductor layers and the semiconductor layers comprising of
a plurality of Al Ga,_N and/or Zn Mg, O materials. The
device further comprises of at least one dielectric or insulat-
ing medium sustained on surface and/or the near-surface
regions of the semiconductors layers and metal and/or con-
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ducting semiconductor material electrodes supported on the
first and second side of substrate.

In one aspect, a transistor comprises a substrate comprising,
a ZnO-based material, and a structure disposed on a first side
of the substrate, the structure comprising a plurality of semi-
conductor layers and the semiconductor layers comprising of
a plurality of Al Ga,_ N and/or Zn Mg, O materials. The
device further comprises of at least one dielectric or msulat-
ing medium sustained on surface and/or the near-surface
regions of the semiconductors layers and/or deposited into a
trench recessed 1nto the semiconductor layers and with metal
and/or conducting semiconductor material electrodes sup-
ported on the first and second side of substrate.

In one aspect, a transistor comprises a substrate comprising,
a /nO-based material which 1s n-type, and a structure dis-
posed on a first side of the substrate, the structure comprising
a plurality of semiconductor layers and the semiconductor
layers comprising of a plurality of Al Ga,_ N and/or Zn Mg, _
x0O materials comprising of n-type or p-type species and
wherein the n-type or p-type species may be introduced by
one or a plurality of doping techniques including 1on-1mplan-
tation, gas-phase icorporation, solution incorporation and
diffusion. The device further comprises of at least one dielec-
tric or insulating medium sustained on surface and/or the
near-surface regions of the semiconductors layers and/or
deposited into a trench recessed 1into the semiconductor layers
and with metal and/or conducting semiconductor material
clectrodes which may comprise of n-type or p-type species
and are supported on the first and second side of substrate.

Certain embodiments of the disclosed subject matter
include a method of fabricating a transistor. The method can
include providing a substrate comprising a ZnO-based mate-
rial, depositing a buifer layer on a first side of the substrate,
and depositing a drift layer comprising Al Ga,_N and/or
/n Mg, O materials on the buffer layer using a chemical
deposition process until a thickness of the drift layer 1s greater
than 3 um, wherein O<x=<1. The method can also include
providing a source electrode and a gate electrode above the
drift layer, and providing a drain electrode on a second side of
the substrate.

In any of the embodiments described herein, the method
turther 1includes providing a channel layer between the dnit
layer and the gate electrode using metal-organic chemical
vapor deposition (MOCVD) or molecular beam epitaxy
(MBE).

In any of the embodiments described herein, the method
further includes removing at least a portion of the channel
layer to provide a mesa structure.

In any of the embodiments described herein, where remov-
ing the at least a portion of the channel layer includes etching
the at least a portion of the channel layer using one or more of
wet etching, inductively coupled plasma-reactive 10n etching
(ICP-RIE), and/or reactive 1on etching (RIE).

In any of the embodiments described herein, the method
turther includes providing an interface layer adjacent to the
channel layer through 1on-implantation.

Other aspects, embodiments and features of the disclosed
subject matter will become apparent from the following
detailed description of the disclosed subject matter when
considered in conjunction with the accompanying drawings.
The accompanying figures are schematic and are not intended
to be drawn to scale. In the figures, each identical, or substan-
tially similar component that is illustrated 1n various figures 1s
represented by a single numeral or notation. For purposes of
clarity, not every component is labeled 1n every figure. Nor 1s
every component of each embodiment of the disclosed sub-
ject matter shown where illustration 1s not necessary to allow
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those of ordinary skill 1n the art to understand the disclosed
subject matter. All patent applications and patents incorpo-
rated herein by reference are incorporated by reference in
their entirety. In case of contlict, the specification, including
definitions, will control.

BRIEF DESCRIPTION OF THE DRAWINGS

Various objects, features, and advantages of the disclosed
subject matter can be more fully appreciated with reference to
the following detailed description of the disclosed subject
matter when considered in connection with the following
drawings, 1n which like reference numerals 1dentity like ele-
ments.

FIG. 1 1s a cross-sectional view of a vertical metal semi-
conductor transistor in accordance with certain embodiments
of the disclosed subject matter.

FI1G. 2 1llustrates an intermediate structure that can be used
to prepare a metal substrate in accordance with certain
embodiments of the disclosed subject matter.

FI1G. 3 illustrates a transistor provided on a metal substrate
in accordance with certain embodiments of the disclosed
subject matter.

FIG. 4 illustrates a transistor having a non-vertical mesa
structure 1n accordance with certain embodiments of the dis-
closed subject matter.

FI1G. 5 1s a cross-sectional view of a vertical metal insulator
semiconductor field effect transistor 1n accordance with cer-
tain embodiments of the disclosed subject matter.

FIG. 6 illustrates a cross-sectional view of a vertical metal
insulator semiconductor field effect transistor having an addi-
tional semiconductor layer in accordance with certain
embodiments of the disclosed subject matter.

FI1G. 7 1llustrates how multiple transistors can share a com-
mon substrate 1n accordance with certain embodiments of the
disclosed subject matter.

FIG. 8 illustrates a complementary transistor system in
accordance with certain embodiments of the disclosed sub-
ject matter.

FI1G. 9 illustrates a cross-sectional view of a planar vertical
metal mnsulator semiconductor field effect transistor 1n accor-
dance with certain embodiments of the disclosed subject mat-
ter.

FI1G. 10 1llustrates a plurality of transistors having an iden-
tical polarity, fabricated on a common substrate in accordance
with certain embodiments of the disclosed subject matter.

FIG. 11 illustrates a plurality of transistors having a
complementary polarity, fabricated on a common substrate 1n
accordance with certain embodiments of the disclosed sub-
ject matter.

FIG. 12 1llustrates a transistor with a slightly doped epi-
taxial layer 1n accordance with certain embodiments of the
disclosed subject matter.

FI1G. 13 illustrates a transistor with a planar semiconductor
layer in accordance with certain embodiments of the dis-
closed subject matter.

FIG. 14 1llustrates a transistor with a slightly doped epi-
taxial layer and a planar semiconductor layer in accordance
with certain embodiments of the disclosed subject matter.

DETAILED DESCRIPTION

Reference now will be made 1n detail to embodiments of
the disclosed subject matter. Such embodiments are provided
by way of explanation of the disclosed subject matter, and the
embodiments are not intended to be limiting. In fact, those of
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ordinary skill in the art can appreciate upon reading the speci-
fication and viewing the drawings that various modifications
and variations can be made.

Belore explaining at least one embodiment of the disclosed
subject matter 1n detail, 1t 1s to be understood that the dis-
closed subject matter 1s not limited in 1ts application to the
details of construction and to arrangements of the compo-
nents set forth in the following description or 1llustrated 1n the
drawings. The disclosed subject matter can be manifested 1n
other embodiments and of being practiced and carried out 1n
various ways. Also, 1t1s to be understood that the phraseology
and terminology employed herein are for the purpose of
description and should not be regarded as limiting. Numerous
embodiments are described 1n this patent application, and are
presented for illustrative purposes only. The described
embodiments are not intended to be limiting 1n any sense. The
disclosed subject matter 1s widely applicable to numerous
embodiments, as 1s readily apparent from the disclosure
herein. Those skilled in the art will recognize that the dis-
closed subject matter can be practiced with various modifi-
cations and alterations. Although particular features of the
disclosed subject matter can be described with reference to
one or more particular embodiments or figures, 1t should be
understood that such features are not limited to usage in the
one or more particular embodiments or figures with reference
to which they are described.

As such, those skilled 1n the art will appreciate that the
conception, upon which this disclosure 1s based, can readily
be utilized as a basis for the designing of other structures,
methods and systems for carrying out the several purposes of
the disclosed subject matter. It 1s important, therefore, that the
disclosed subject matter be regarded as including equivalent
constructions to those described herein insofar as they do not
depart from the spirit and scope of the disclosed subject
matter.

For example, the specific sequence of the described pro-
cess can be altered so that certain processes are conducted 1n
parallel or independent, with other processes, to the extent
that the processes are not dependent upon each other. Thus,
the specific order of steps described herein 1s not to be con-
sidered implying a specific sequence of steps to perform the
process. Other alterations or modifications of the above pro-
cesses are also contemplated. For example, further insubstan-
tial approximations of the process and/or algorithms are also
considered within the scope of the processes described
herein.

In addition, features illustrated or described as part of one
embodiment can be used on other embodiments to yield a still
further embodiment. Additionally, certain features can be
interchanged with similar devices or features not mentioned
yet which perform the same or similar functions. It is there-
fore intended that such modifications and variations are
included within the totality of the disclosed subject matter.

One of the desirable characteristics of a power transistor 1s
a high operating voltage. For example, 1t 1s often desirable to
operate a power transistor at, up to, 5,000V. To achieve such
high operating voltages, a power transistor can use a thick,
silicon carbide (S1C) epitaxial layer (also known as a S1C
epitaxial layer.) The high band gap voltage of SiC and the
high thickness of the epitaxial layer (around 10 um-100 pm)
enable the high voltage operation of a S1C-based power tran-
sistor. However, a thick Si1C epitaxial layer 1s often expensive
to grow, therefore, the use of Si1C-based power transistors
have been limited.

A cost-etlective alternative to S1C 1s a group-three nitride.
For example, an aluminum gallium nitride (AlGaN) can be an
attractive material for power transistors because AlGalN has a
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high band gap voltage. The group-three nitrides can be epi-
taxially grown on a S1C substrate to form a group-three nitride
power transistor. To provide high operating voltages, the
thickness of the group-three nitride epitaxial layer needs to be
greater than 10 um. Unfortunately, when a group-three nitride
1s epitaxially grown on a S1C substrate, extended line, planar
and volume crystalline defects including basal plane disloca-
tions, stacking faults and cracks can interrupt and terminally
degrade the monocrystallinity of the nitride at thicknesses
about 5 um. Therefore, 1t 1s not feasible to use a group-three
nitride epitaxial layer for a high voltage power transistor.

Apparatuses, systems, and methods of the disclosed sub-
ject matter address the challenges of existing high voltage
power transistors. The disclosed power transistor can include
a group-three nitride epitaxial layer grown on a zinc oxide
(ZnO) substrate. The group-three nitride epitaxial layer can
be monocrystalline (1.e., a single crystal layer.) The group-
three nitride epitaxial layer can include a galllum nitride
(GalN) epitaxial layer. Epitaxial layers can be grown on a ZnO
substrate to a thickness ranging from about 5 um to about 300
um using the disclosed fabrication method.

In some devices described herein, ZnO-based materials
can be employed to form part or the entire semiconductor
portion of transistor, for example the semiconductor layers
through which electrical charges are conducted. As used
herein, a “Zn0O-based material”1s A _7Zn,_ O where A includes
Be, Mg, Ba, Ca, Sr, Cd, Mn, and Co and O=x<]1.

FIG. 1 1s a cross-sectional view of a vertical metal semi-
conductor field effect transistor 1n accordance with certain
embodiments of the disclosed subject matter. The transistor
100 can include one or more of the following structures: a
substrate 102, a buifer layer 104, a drift layer 106, a channel
layer 108, an interface layer 110, a junction termination layer
112, a gate electrode 114, a source electrode 116, a drain
clectrode 118, and/or a passivation layer 120.

In some embodiments, the substrate 102 can be formed
using ZnO. A ZnO-based substrate can enable the growth of
low defect density monocrystalline epitaxial layers due to a
low lattice mismatch between the substrate and the epitaxial
layers. The low defect density monocrystalline epitaxial lay-
ers can enable ellicient device performance. The low defect
density monocrystalline epitaxial layers that can be formed
on the ZnO substrate can include ZnO-based epitaxial layers,
Al Ga,_N epitaxial layers, and In Ga,_ N epitaxial layers,
where O=x<].

In some embodiments, the ZnO substrate 102 can be opti-
cally transparent and, 1 desired, doped so as to be electrically
conductive and may vary 1n crystal orientation to include the
tollowing orientations (000x1) c-plane polar materials; or
(10+£10) m-plane non-polar materials or (11+£20) a-plane non-
polar materials; or (10-1x1), (20-2+1), (10-1£2), (11-2x1),
(11-2+2) semipolar materials. Such a substrate can provide a
low-cost and large surface area (greater than about one-inch
diameter) substrates for ZnO-based, Al Ga,_N and In Ga, _
xN materials and can facilitate the production of cost effective
and efficient power transistors.

In some embodiments, the substrate 102 can be doped
n-type. The substrate 102 may comprise of n-type dopants
between 10'* cm™ to 10°' cm™. The substrate 102 may
possess n-type resistivity from 1Q-cm to 107°Q-cm. In some
embodiments, the substrate 102 can be doped p-type. For
example, the substrate 102 may comprise of p-type dopants
between 10'* cm™ to 10°' cm™. The substrate 102 may
possess p-type resistivity from 10°Q-cm to 107*Q-cm.

The substrate 102 can be directly coupled to the bufler
layer 104. The butlfer layer can facilitate the crystallization of
hexagonal Al _Ga,_ N epitaxial layers without the formation
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of secondary phases. In some embodiments, the bufler layer
104 can include layers of ZnO-based matenals. The ZnO-
based materials for the buil

er layer 104 can include Zn Mg, _
x0O and/o Zn Co,_ O, where O<x=<1. In other embodiments,
the buffer layer 104 can include MN and/or Al Ga,; N of
composition range with O=x=<0.5. In some embodiments, the
butfer layer 104 can be doped n-type. For example, the builer
layer 104 may comprise of n-type dopants between 10'* cm™
to 10°' cm™. The buffer layer 104 may possess n-type resis-
tivity from 1Q-cm to 107°Q-cm. In some embodiments, the
builer layer 104 can be doped p-type. The butifer layer 104
may comprise of p-type dopants between 10'* cm™ to 10
—>. The buffer layer 104 may possess p-type resistivity
from 10°Q-cm to 10~*CQ2-cm. The buffer layer 104 can be used
to ease the lattice mismatch between the ZnO-based substrate
102 and GaN-based active layers. In other embodiments, the
butiler layer can act as a diffusion barrier layer.
In some embodiments, the transistor 100 can include a drift
layer 106. The drift layer 106 can enable a flow of carriers
thereby reducing the on-resistance of the transistor 100. The
drift layer 106 of a vertical transistor can also screen and/or
block the applied voltage. The screened voltage and allow-
able current 1s proportional to the thickness and the area of the
transistor respectively.

Oftentimes, there 1s a trade-off between the transistor’s
breakdown voltage and the transistor’s on-resistance, and this
trade-oil can be mampulated by engineering the thickness
and the doping level of the driftlayer 106. If the drift layer 106
1s thick and 1s doped with a low level of dopant concentration,
then the breakdown voltage of the transistor can be high, but
the on-resistance of the transistor can be high as well. On the
other hand, 11 the drift layer 106 1s thin and 1s doped with a
high level of dopant concentration, then the on-resistance of
the transistor can be low, but the breakdown voltage of the
transistor can also be low. To balance the two competing
characteristics, the drift layer 106 can have a thickness rang-
ing from about 3 um to about 300 um and have a dopant
concentration ranging from about 10'* cm™ to about 10"°
cm™.

The drift layer 106 can include a ZnO-based material, for
example, Zn Mg, O, where O=x=<1. The dnit layer 106 can
also include a group-III nmitride material, for example, Al Ga,_
xN, where O=x=<1. In some embodiments, the drift layer 106
can an n-type, with an n-type dopant concentration ranging
from about 10'* cm™ to about 10'® cm™. In some embodi-
ments, the drift layer 106 can a p-type with a p-type dopant
concentration ranging from about 10'* ¢cm™ to about 10'°
cm™. In some embodiments, the drift layer 106 can be doped
non-uniformly. In some embodiments, the drift layer 106 can
be monocrystalline.

In some embodiments, the drift layer 106 can be undoped
or mtrinsic. In other embodiments, the drift layer 106 can be
doped n-type. For example, the drift layer 106 may comprise
of n-type dopants between 10'* cm™ to 10 cm™ . In some
embodiments, the drift layer 106 may comprise of p-type
dopants between 10'* cm™ to 10°! cm™. The drift layer 106
may possess p-type resistivity from 100 Q-cm to 107°Q-cm.
The drift layer 106 may possess p-type resistivity from 10°Q-
cm to 107*Q-cm.

In some embodiments, the drift layer 106 can be doped
n-type or p-type with dopant concentration from about 10'#
cm™ to about 10"® cm™ and can be made of low conductivity
through compensation with Mg, Zn, and/or isoelectronic
impurities Al Ga,_ N including, for example, Fe. The driit
layer 106 can also include non-umiform doping as a function
of layer thickness to facilitate engineering of the electric field
screened through electrode terminals of the device.

[T
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The transistor 100 can also include a channel layer 108.
The channel layer 108 can be deposited epitaxially onto the
driit layer 106 and can be of thicknesses about 0.01 um to 10
um with a similar polarity to the drift layer 106.

In some embodiments, the drift layer 106 and the channel
layer 108 can form a mesa structure. The mesa structure can
be formed using etching processes. The etching processes can
include the wet etching, the inductively coupled plasma-re-
active 1on etching (ICP-RIE), and the reactive 1on etching
(RIE). In some cases, the si1ze of the mesa structure can be less
than about 10 um. In other cases, the width of the mesa
structure can be greater than about 10 um.

The transistor 100 can also include an interface layer 110.
The interface layer 110 can contribute to forming a space
charge region that can be depleted of charge carriers. The
width of the space charge region, formed between the gate
clectrode and the channel layer 108, can be controlled by
controlling the doping profile of the interface layer 110. For
example, the width of the space charge region 1s 1nversely
proportional to dopant concentration. As described below, the
width of the space charge region and the mesa structure can
play an important role 1n determining the type of the transis-
tor. The interface layer 110 can have a thicknesses of at least
0.001 um, and can be adjacent to the drift layer 106 and/or the
channel layer 108. The interface layer 110 can have a polarity
opposite to the drift layer 106 and/or the channel layer 108 to
establish a p-n junction. The interface layer 110 can be
formed through processes including epitaxial deposition, or
by 1on-implantation. In some embodiments, the interface
layer 110 can be non-uniformly doped to engineer the space
charge region. Grading the doping concentration in the inter-
face layer 110 can enable an engineering of the space charge
region to extend within the interface layer 110 or to be dis-
posed completely in the channel layer 108.

The transistor 100 can also include a junction termination
112. The junction termination 112 can extend to dimensions
of width and depth of at least 0.001 um and more preferably
width and depth of at least 50 um and 1 um respectively. The
junction termination 112 can be formed by traversing wholly
or 1n part of layers 106, 108, and 110 via 1on-implantation.
The 1on-1mplantation can be performed using noble elements
of group VII, elements that are 1so-electronic on metals, nitro-
gen sublattice of AlGaN systems, metal sublattice of ZnO-
based systems, or an oxygen sublattice of ZnO-based sys-
tems.

The transistor 100 can include electrodes 114, 116, 118.
The electrodes can be formed using metals, including Au, Ag,
Pt, N1, Al, S1, T1, W, Cu, p-type metallization of GaN, poly-
silicon, indium tin oxide, zinc gallium oxide, zinc indium
oxide, and/or zinc aluminum oxide. For example, a gate elec-
trode 114 may be deposited onto the interface layer 110; a
source electrode 116 can be deposited on the mesa structures
of semiconductor layers 106, 108 to form a source electrode;
and a drain electrode 118 can be formed on the second side of
the substrate 102.

The transistor 100 can also include a passivation layer 120.
The passivation layer 120 can be deposited around the elec-
trodes so that the electrodes can receive electrical connec-
tions. The passivation layer 120 can include an insulator,
nitride, oxynitride, and/or a halogenated polymer.

In some embodiments, the width of the mesa structure and
the doping profile 1n the mesa structure can be engineered to
form a normally-on transistor, also known as a depletion
mode transistor. The width of the mesa structure can afiect the
structure of the space charge region formed by the mtrinsic
built-in field, which can, 1n turn, affect the characteristic of
the transistor 100. The intrinsic built-in field can result from
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doping profiles between the interface layer 110 and the chan-
nel layer 108. The intrinsic built-in field can generate a space
charge region, such as a depletion region, that can be void of
any charge carriers. If the mesa width 1s large enough as to
exceed the combined width of the intrinsic space charge
region formed around the interface layers 110, the intrinsic
space charge region would not overlap. Therefore, the space
between the intrinsic space charge regions can maintain
charge carriers that can accommodate current flows. The
source electrode and the drain electrode can use this space to
enable current flows, even without any bias voltages applied
to the gate electrodes.

The desired mesa width for the depletion mode transistor
can depend on the doping concentration of the channel layer.
In some embodiments, when the doping concentration in the
channel layer is around 10'* cm™, a depletion mode transis-
tor can have a mesa width greater than 20 um, and preferably
about 20 um. When the doping concentration 1s higher, the
depletion mode transistor can have a mesa width less than 20
um. For example, the depletion mode transistor can have a
mesa width of 5 um at an appropriate doping concentration,
e.g., greater than 10°° cm™.

The operation of the depletion mode transistor can be
described as follows. If the drain to source voltage (Vo)
assumes a non-zero value, the transistor accommodates a
current flow from the source electrode to the drain electrode,
even without any gate voltage. Beyond a particular critical
Ve value, V. .., the current tlow 1n region between the
source to drain, also known as the channel region, assumes a
maximum value which for example can vary from about
0.001 A to about 500 A and in preferably utility from about
0.1 A to about300 A. The application of a reverse bias voltage
at the gate to source electrode (V) can extend the space
charge region to turn off the transistor. Conversely, the with-
drawal of the reverse bias voltage V .. can then contract the
space charge region to turn on the transistor.

In some embodiments, the width of the mesa structure can
be engineered to form a normally-oif transistor, also known
as an enhancement mode transistor. Oftentimes, the enhance-
ment mode transistor can have a short mesa between the gate
clectrodes. When the mesa 1s short, the space charge regions
from the interface layer 110 can merge, thereby blocking the
channel layer 108. Therelore, the transistor 1s normally-off To
turn on the “normally-off” transistor, the width of the space
charge regions can be reduced. In order to reduce the space
charge regions, a voltage can be applied to the gate electrode.
Increasing a forward bias voltage to the gate-source terminal
(V ~<) can reduce the width of the space charge regions and
allow a current tlow from the source electrode to the drain
electrode.

In some embodiments, the enhancement mode transistor
can have a mesa width less than 50 um, and preferably less
than 20 um. In some embodiments, the width of the space
charge region can be modified through engineering the dop-
ing concentrations. For example, a low doping concentration
of the channel layer 108, e.g., below 10'° cm™, can provide a
wide space charge region. Therefore, if the concentration of
the channel layer 108 1s low, the mesa structure 1n an enhance-
ment mode transistor can be wide, for example, wider than 20
um and still achieve enhancement mode. For example, when
the doping concentration in the channel layer is around 10'
cm™, a enhancement mode transistor can have a mesa width
greater than 20 um, and preferably about 20 um. In contrast,
a high doping concentration of the channel layer 108, e.g.,
above 10'°® cm™, can provide a thin space charge region.
Therefore, 11 the concentration of the channel layer 108 1s
high, the mesa structure 1n an enhancement mode transistor
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can be thin, for example, thinner than 20 um to achieve
enhancement mode. For example, the enhancement mode
transistor can have a mesa width of 5 um at an appropnate
doping concentration, e.g., greater than 10"° cm™. In some
cases, the high doping concentration in the channel layer 108
can also be desirable for reducing the transistor’s on-resis-
tance. For example, at a high doping concentration of the
channel layer 108, the on-resistance of the transistor can be
engineered to be below 100 mQ-cm”.

Method of Manufacture

The epitaxial layers in the transistor 100 can be formed
using a method disclosed below. In certain embodiments, the
butter layer 104 includes Al Ga,_ N based materials, where
O=x=1, and has a thickness ranging from about 0.001 um to
about 10 um. The butfer layer 104 can be deposited directly
onto the substrate 102 through a variety of techniques. The
techniques can include physical deposition processes of sput-
tering, pulsed laser deposition (PLD), molecular beam epit-
axy (MBE), or chemical deposition processes including
atomic layer deposition (ALD), metal-organic chemical
vapor deposition, (MOCVD), hydrnide vapor phase epitaxy
(HVPE), liquid phase epitaxy (LPE), or any combination of
these processes.

In some embodiments, 1t 1s preferable to deposit the butier
layer 104 using physical deposition processes in order to
achieve hexagonal wurtzite group III Nitride crystals. The
physical deposition processes can include sputtering, pulsed
laser deposition (PLD) and molecular beam epitaxy (MBE).
Non-uniform deposition processes, especially i reducing
environments consistent with chemical deposition processes
of Group III-Nitrides, can result in formation ot (Al/Ga),—
/nO,N and or other intermediate compounds of the II-VI
oxide and Group III Nitrides. These intermediate compounds
can cause deviations from the preferred hexagonal wurtzite
Group I1I-Nitride compound.

The drift layer 106 can form an n-type driit region 1n the
vertical transistor 100. The drift layer 106 can include n-type
dopants at a concentration of ranging from 10'* cm™to 10"’

~*. The driftlayer 106 can be formed with compounds such
as /n Mg, O with O=x<l. The growth conditions that
present the intrinsic donor concentration exceeding, for
example, about 10"°-10"" cm™ can be further modified to
achieve reduced carrier concentration (<10'” cm™). The
reduced carrier compensation can be achieved through a com-
pensation doping with impurities. The impurities can include
group I elements including L1, K, and/or Group V impurities
such as N, P, As, or Sh.

In some embodiments, the drift layer 106 can include
Al Ga,_ N semiconductor materials with O=x=1. The dnit
layer 106 can vary in thickness from about 3 um to about 300
um and can be deposited through a variety of techniques
including but not limited to physical deposition processes of
sputtering, pulsed laser deposition (PLD), molecular beam
epitaxy (MBE) and/or chemical deposition processes includ-
ing atomic layer deposition (ALD), metal-organic chemical
vapor deposition, (MOCVD), hydride vapor phase epitaxy
(HVPE), liquid phase epitaxy (LPE), or a combination of
these processes.

In some embodiments, the drift layer 106 can include
Al Ga,_ N semiconductor material, where 0=x=<0.5. The dnit
layer 106 can vary 1n thickness from about 0.001 um to about
50 um, and can be deposited directly onto the buifer layer 104.
In some cases, 1t 1s preferable to deposit the driit layer 106
using physical deposition processes. The physical deposition
processes caninclude MBE, metal organic assisted molecular
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beam epitaxy (MOMBE). In some cases, 1t 1s preferable to
deposit the drift layer 106 using ultrafast Chemlcal deposition
processes such as HVPE.

The particular advantage of the combinatory processes
described thus far include the ability to combine a high
growth rate (>3 um/hr) processes such as HVPE on a barrier
layer deposited on the ZnO substrate and concomitantly mini-
mizing chemical attack to the ZnO substrate as well prevent-
ing the formation of intermediate or secondary phase com-
pounds between the II-VI oxide and the Group I1I-Nitride.

The thickness of the drift layer 106 can be further aug-
mented with the channel layer 108. The channel layer 108 can
have a different doping profile of same polarity as the drift
layer 106. The channel layer 108 can be deposited on the drift
layer 106 through MOCVD, MBE, MOMBE, ALD, and or
combination of these processes but preferably through MBE
and MOMBE and more preferably through MOCVD.
MOCVD offers a high throughput with well-controlled dop-
ing profiles for the channel layer 108.

The dnift layer 106 and the channel layer 108 can be further
engineered to contain a mesa structure through etching pro-
cesses. The etching process can include wet etching and/or
inductively coupled plasma-reactive 1on etching (ICP-RIE),
or reactive 1on etching (RIE). The width of the mesa structure,
tormed by the driftlayer 106 and/or the channel layer 108 can
be between about 5 um and 25 um.

The interface layer 110 having a thicknesses of at least
0.001 um 1s provided adjacent to the drift layer 106 and/or the
channel layer 108. In some embodiments, the interface layer
110 can be provided using processes including epitaxial
deposition by any of above enumerated processes or combi-
nations thereot and preferably through metalorganic chemi-
cal vapor deposition or MBE/MOMBE or more preferably by
ion-implantation of species with opposite polarity into the
dritt layer 106 and/or the channel layer 108 to establish a p-n
junction. For example, the interface layer 100 can be formed
by implanting Zn>* or Mg”* or a both at dosages of at least
about 10'° cm™. In some cases, the implanted layers can be
further subjected to rapid thermal annealing processes in
activated ambient of, for example, nitrogen or argon at tem-
peratures ol about 200° C. to 1050° C. Further, the dopant
concentration of the interface layer 110 can be non-umiform to
facilitate engineering electric fields from the electrode termi-
nal of the device.

In some embodiments, a transistor may be formed on a
metal substrate. In some cases, a metal substrate can be pre-
pared by (1) depositing a metal substrate on a ZnO substrate

102, a butifer layer 104, and a drift layer 106, (2) removing the
Zn0O substrate 102 and the buffer layer 104, and (3) flipping

the structure. FIG. 2 illustrates an intermediate structure that
can be used to prepare a metal substrate 1n accordance with
certain embodiments of the disclosed subject matter. The
intermediate structure 200 can include a ZnO substrate 102, a
butiler layer 104, a drift layer 106, a bonding layer 202 and a
metallic substrate layer 204. The bonding layer 202 can be
formed using a metal or a metal alloy, and the bonding layer
202 can be bonded to the metallic substrate layer 204 includ-
ing, for example, direct bonded copper through a thermal
activation above 25° C.

The intermediate structure 200 can be processed to remove
the ZnO substrate 102 and the buifer layer 104. The substrate
102 and the buffer layer 104 can be removed or can be reduced
in thickness through one or more of the mechanical, fric-
tional, and/or chemical processes. In some embodiments, the
mechanical processes 1include polishing of the intermediate
structure using a polishing table. The mechanical processes

can also include polishing the intermediate structure using
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diamond, alumina, and/or silica particulate slurry. In some
embodiments, the intermediate structure can be pre-pro-
cessed with a chemical reagent to improve the polishing
quality. The chemical reagent can include, for example,
hydrogen peroxide, acetic acid, and/or phosphoric acid.

Once the ZnO substrate 102 and the bufier layer 104 are
removed from the intermediate structure 200, the intermedi-
ate structure 200 can be tlipped upside down, thereby placing
the metal substrate 204 at the bottom of the structure and the
drift layer 106 at the top of the structure. This tlipped structure
can be used as a metal substrate for building the rest of the
transistor structure.

FIG. 3 illustrates a transistor provided on a metal substrate
in accordance with certain embodiments of the disclosed
subject matter. Similarly to the transistor 100 1n FIG. 1, the
transistor 300 provided on a metal substrate 204 can include
a channel layer 108, a interface layer 110, a junction termi-
nation layer 112, a gate electrode 114, a drain electrode 116,
and a passivation layer 120. In this embodiment, the metal
layer 204 can operate as a drain electrode. The characteristics
of the channel layer 108, the interface layer 110, the junction
termination layer 112, the electrodes 114, 116, and the pas-
stvation layer 120 can be substantially similar to those in FIG.
1.

Method of Manufacture

The transistor 300 can be fabricated using a method of
manufacture disclosed below. First, the fabrication of the
transistor 300 can start with the fabrication of the intermedi-
ate structure 200. The substrate 102, the butfer layer 104, and
the drift layer 106 can be fabricated as illustrated with regards
to the transistor 100. The bonding layer 202 can be formed by
any combination of deposition processes outlined above and/
or electron-beam deposition, thermal evaporation and/or
clectrolytic deposition on the drift layer 106. The bonding
layer 202 can include a metal with melting point below 1000°
C. and/or a metal alloy with an eutectic point below 1050° C.
The bonding layer 202 can vary 1n thickness from 0.001 pm to
about 1000 um.

The bonding layer 202 can be coupled to a metallic and/or
a ceramic substrate 204, such as direct bonded copper, alu-
minum nitride substrate, or metal plated aluminum nitride
substrate. For example, the bonding layer 202 can be coated
with aluminum and/or copper to form the metallic and/or the
ceramic substrate 204. The resulting structure 1s the interme-
diate structure 200.

Once the intermediate structure 200 has been formed, the
intermediate structure 200 can be processed to remove the
/ZnO substrate 102 and the buffer layer 104, thereby providing
a metal substrate. The substrate 102 can be removed through
mechanical or frictional processes or through chemical pro-
cesses or through a combination of mechanical and chemical
processes , for example, chemical mechanical polishing
(CMP). The buffer layer 104 can be removed through
mechanical and/or chemical processes. In some embodi-
ments, the “un-bonded” surface of the drift layer 106 may
also be processed through CMP to achieve root mean square
(RMS) surface roughness below about 50 nm.

Once the metal substrate 1s available, semiconductor layers
can be epitaxially grown on the metal substrate. The channel
layer 108 of similar polarity to layer 106 may be epitaxially
deposited onto the “un-bonded” surface of layer 106 and may
have a thickness between 0.001 um and 10 um.

In some embodiments, the “un-bonded” surface of the drift
layer 106 and the channel layer 108 can be further engineered
to form mesa structures. These layers can be processed using,
etching processes including wet etching and or inductively
coupled plasma-reactive 1on etching (ICP-RIE), or reactive
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ion etching (RIE). The mesa structure width can be engi-
neered to be about less than about 10 um to 50 um. The mesa
structure width can be engineered to be greater than about 10
um to 50 um. The die area may be engineered to include mesa
structures with mesa widths which are less than about 10 um
to 50 um as well as mesa widths which are greater than about
10 um to 30 um.

To further grade the shape of the resultant depletion width
of the established p-n junction between the drift layer 106, the
channel layer 108, and the interface layer 110, the interface
layer 110 can be engineered to be non-uniformly doped as a
function of layer thickness.

In some embodiments, a transistor can include a mesa
structure that has a non-vertical wall. For example, the wall of
a mesa structure can have an inclination less than 90° to the
horizontal plane. A non-vertical mesa structure can facilitate
the 1njection of high mobaility electrons that are formed 1n the
interface between AlGaN and GaN interfaces in the channel.

FIG. 4 illustrates a transistor having a non-vertical mesa
structure 1n accordance with certain embodiments of the dis-
closed subject matter. The layers in this transistor 400 can be
substantially similar to the layers 1n the transistor illustrated
in FIG. 1. In some embodiments, a channel enhancement
layer 402 can be deposited on the sidewall of the mesa struc-
ture, between a channel layer 108 and an interface layer 110.
The channel enhancement layer 402 can include Al Ga,_ N
with 0.02=x=0.5. The channel enhancement layer 402 can
form a two dimensional electron gas and thus form highly
mobile carriers that can be 1njected 1nto the channel region of
the transistor 400.

In some embodiments, the ZnO-based substrate 102 and
the bulfer layer 104 can be used for other types of vertical
device structures. FIG. 5 1s a cross-sectional view of a vertical
metal insulator semiconductor field effect transistor (VMIS-
FET) 1n accordance with certain embodiments of the dis-
closed subject matter. The transistor 500 includes a substrate
102, a butter layer 104, a drift layer 106, bilayers 502, 504, an
isulating layer 506, a gate electrode 508, a source electrode
510, a drain electrode 512, and additional electrical connec-
tions 514, 516. The transistor 500 1s an insulator-based field
elfect transistor, which 1s different from a junction-based field
elfect transistor 100. The transistor 500 can be different from
the transistor 100 1n that the insulating layer 506 1s utilized to
create a field effect, whereas 1n transistor 100, the space
charge region between the gate electrode and the channel
layer 1s utilized to create a field eflect.

In some embodiments, the transistor 500 can include addi-
tional layers 502, 504. These additional layers can form a
bi-layer. For example, the interface between the additional
layers 502, 504 can form a p-n junction. The p-n junction
formed by the additional layers 502, 504 can create a body-
diode and also a channel region that can enable the current
flow from the source electrode to the drain electrode. In some
embodiments, the layer 502 can be an n-type layer and the
layer 504 can be a p-type layer. In other embodiments, the
layer 502 can be a p-type layer and the layer 504 can be an
n-type layer. For example, the bottom layer 502 of the bi-layer
may possess n-type resistivity from 100€2-cm to 10~°Q-cm,
and the top o layer 504 of the bi-layer may possess p-type
resistivity from 1000Q-cm to 10~°Q-cm. The additional lay-
ers 502, 504 can have a thickness ranging from about 0.01 um
to about 10 um.

The transistor 500 can also include an 1nsulating layer 506.
The insulating layer 506 can be formed using a dielectric
material having a composition ot A B, O, and/or A B, N,

where A may be selected from a group 1nclud1ng Al, Ga, La,
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Hi, Sc, and B may be selected from a group including Si, Zr,
/n,Ga and Sr, and where O=x=<1.

In some embodiments, the insulating layer 506 can be
deposited planarly on top of the underlying semiconductor
layers. For example, the insulating layer 506 can be disposed
between the gate electrode 508 and the planar structure hav-
ing the semiconductor layers 106, 502, 504, 506. In other
embodiments, the insulating layer 506 may be deposited 1n a
recessed trench penetrating into the underlying semiconduc-
tor materials, as 1s illustrated in FIG. 5. In some cases, the
trench can be recessed from the top most semiconductor layer
through layers 502, 504 to terminate up to about half the
thickness of the driit layer 106.

In some embodiments, the insulating layer 506 may extend
to cover and/or passivate the up to the entire top surface of
semiconductor layers, except the regions where the source
clectrodes 510 are 1n direct contact with the underlying semi-
conductor layers.

The transistor 500 can include a gate electrode 508. The
gate electrode 508 can be formed by depositing a gate elec-
trode material on the msulating layer 506. In some embodi-
ments, the gate electrode material can include metals, poly-
silicon, indium tin 1nsulator, zinc gallium insulator, zinc
indium 1nsulator, and/or zinc aluminum insulator.

The transistor 500 can also include a source electrode 510.
The source electrode 5310 can be formed by depositing a
source electrode material directly on the bi-layer structure
502, 504. The source electrode material can include a metal
such as Al, S1, T1, W, Cu.

The transistor 500 can further include a drain electrode
512. The drain electrode can be formed by depositing a drain
clectrode material on the other side of the substrate 102. The
drain electrode material can include metals, including Au, Ag,
Pt, N1, Al, S1, T1, W, Cu, p-type metallization of GaN, poly-
silicon, indium tin oxide, zinc gallium oxide, zinc indium
oxide, and/or zinc aluminum oxide.

In some embodiments, the source electrode 510 and the
drain electrode 512 can be formed using metals or metal
stacks, including T/ Au, T1i/Al, T1/Al/ Au, T/ Al/Pt/ Au, Cr/Au,
Cr/Al, Cr/Al/Au, Al/Au, Al, Al/Pt, In, Ru and/or metals or
metal stacks including Cr, and/or N1O and/or N1/Al/Au,
N1/T1/Au, Pt/ Au, Pt, Au, Ag or any combination of the fore-
going to form electrical contact to the underlying semicon-
ductor layers.

In some embodiments additional electrical connections
514, 516 are made to the gate electrode 508 and the source
clectrode 510 to couple the transistor 500 to other electronic
parts. In some embodiments, the transistor 500 can include a
passivation layer 120. As discussed previously, the passiva-
tion layer 120 can be formed using one or more of the fol-
lowing: an insulator, mitride, oxynitride, and a halogenated
polymer.

In some embodiments, a transistor can include an addi-
tional semiconductor layer on top of the bilaver 502, 504.
FIG. 6 1llustrates a cross-sectional view of a vertical metal
insulator semiconductor field effect transistor having an addi-
tional semiconductor layer in accordance with certain
embodiments of the disclosed subject matter. The overall
structure of the transistor 600 1s substantially similar to that of
FIG. 5. However, the transistor 600 includes a polarization
layer 602 above the bilayer 502, 504. The polarization layer
602 can impose polarization eflects on the underlying layer
and thus form a two dimensional electron gas. This polariza-
tion layer 602 can inject high mobility carriers into the chan-
nel to improve the current flow through the transistor 600. In
some embodiments, the polarization layer 602 can include
materials such as Al Ga;_ N or Mg Zn,_ O. In some embodi-
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ments, the polarization layer 602 can be an n-type semicon-
ductor. In other embodiments, the polarization layer 602 can
be a p-type semiconductor layer. In some embodiments, the
polarization layer 602 can be formed using a semiconductor
material having a larger band gap, for example, Al _Ga,;_N or
Mg 7Zn,_. O, where O=x=<1.

In some embodiments, multiple transistors can be coupled
together on a common substrate. FIG. 7 1llustrates how mul-
tiple transistors can share a common substrate in accordance
with certain embodiments of the disclosed subject matter.
FIG. 7 includes multiple transistors 600 whose gate elec-
trodes are coupled together via an electrical connection 702,
and whose adjacent source electrodes are coupled together
via an electrical connection 704. The multiple transistors 600
are formed on a common substrate 706 and a common butfer
layer 708. In the embodiment disclosed 1n FIG. 7, the drain
clectrode 710 1s also shared by the transistors 600. In FIG. 7,
the transistors have the structure disclosed 1n FIG. 6. How-
ever, other types of transistors, including transistors 100, 300,
400, 500, can also be formed on a common substrate. In some
embodiment, the transistors coupled together on a common
substrate may be of the same polarity. For example, the tran-
sistors can all be an n-type or a p-type.

In some embodiment, the transistors coupled together on a
common substrate may be of different polarity, forming a
complementary transistor system. F1G. 8 illustrates a comple-
mentary transistor system in accordance with certain embodi-
ments of the disclosed subject matter. In a complementary
transistor system, the drain electrodes may be shared only
amongst the transistors having the same polarity.

FIG. 9 1llustrates a cross-sectional view of a planar vertical
metal insulator semiconductor field effect transistor (VMIS-
FET) device in accordance with certain embodiments of the
disclosed subject matter. The transistor 900 includes a sub-
strate 102, a butler layer 104, a drift layer 902, p-type wells
904, n-type wells 906, an insulating layer 908, a source elec-
trode 910, a gate electrode 912, a drain electrode 914, elec-
trical connections 916, 918 to the electrodes 910, 912, and a
passivation layer 120. As 1n the transistor 500, the transistor
900 can provide a field effect using an insulating layer 908.
The substrate 102 and the buifer layer 104 can support a
driftlayer 902. The characteristics of the drift layer 902 can be
substantially similar to the characteristics of the drift layer
106. For example, the drift layer 902 can be formed using a
semiconductor material, such as Zn Mg, O and/or Al Ga,._
xN, with O=x=<1. The driit layer 902 can have a thickness that
can vary from about 3 um to about 250 um. The drift layer 902
can be undoped or intrinsic. In some embodiments, the drift
layer 902 can be doped n-type. In some cases, the drift layer
902 may comprise of n-type dopants between 10'* cm™ to
10°" cm™. In other cases, the drift layer 902 may comprise of
p-type dopants between 10'* cm™ to 10! cm™. In some
embodiments, the drift layer 902 may possess an n-type resis-
tivity from 100Q-cm to 107°Q-cm. In some embodiments,
the drift layer 902 may possess a p-type resistivity from
10°Q-cm to 107*Q-cm.

In some embodiments, the transistor 900 can include a
p-well 904 and/or an n-well 906. The p-well 904 and the
n-well 906 can provide a region of varied resistivity in the
channel, which can be utilized to enhance or impede the tlow
of current. In some embodiments, the drift layer 902 can be
implanted with p-type dopants to form adjacent a p-well 904.
The dosage of the p-type dopants can be in the range of 10'°
cm™~ and 10'° cm™”. In some embodiments, the p-well 904
may be formed by epitaxial deposition and subsequent
recess-etching. In some embodiments, the window formed in
the p-well 904 by recess-etching may be re-grown with n-type
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with a semiconductor layer of similar composition as drift
layer 902. In some embodiments, the p-well 904 can also be
directly implanted with n-type dopants to form an n-well 906.
The dosage of the n-type dopants can be in the range of 10*°
cm~” and 10'° cm™2.

In some embodiments, the insulating layer 908 may be
recessed to underneath or in proximity to the gate electrode
912. In some embodiments, the gate electrode 912 may com-
prise of metals, poly-silicon, indium tin 1nsulator, zinc gal-
lium 1nsulator, zinc indium 1nsulator, and/or zinc aluminum
insulator, and may be deposited directly onto the insulating
layer 908.

The transistor 900 can include a source electrode 910,
which can be deposited onto the wells 904, 906. In some
embodiments, the insulating layer 908 may extend to cover
and/or passivate the entire top surface of semiconductor lay-
ers except the regions where source electrodes 908 are 1n
direct contact with the underlying semiconductor layers. The
transistor 900 can also include a drain electrode 914 that can
be deposited on the second side of the substrate 914. In some
embodiments, the transistor 900 can include a passivation
layer 120, which can be deposited around the gate or source
clectrodes.

In some embodiments, the electrodes 910, 914 may be
selected from a group metals or metal stacks including T1/Au,
Ti/Al, Ti/AlVAu, TrVAIPt/Au, Cr/Au, Cr/Al, Cr/Al/Au,
Al/Au, Al, Al/Pt, In, Ru and/or a group comprising of metals
or metal stacks including Cr, and/or N1O and/or N1i/Al/Au,
N1/T1/Au, Pt/ Au, Pt, Au, Ag or any combination of the fore-
going to form electrical contact to the underlying semicon-
ductor layers.

A plurality of VMISFETs can be fabricated on a common
substrate, as 1llustrated 1n FIG. 10. The plurality of VMIS-
FETs can be of the same polarity. For example, the VMIS-
FETSs can all be an n-type device or a p-type device. In some
embodiments, the VMISFFETSs can also share the drain elec-
trode. In some cases, the plurality of VMISFETs can be of
different polarities. For example, a plurality of n-type and
p-type VMISFETs can form a complimentary circuit as
shown 1n FIG. 11.

The transistor 900 can be enhanced by introducing addi-
tional layers 1n the transistor. FI1G. 12 illustrates an improved
transistor 1n accordance with certain embodiments of the
disclosed subject matter. The transistor 1200 can include
substantially similar layers as the transistor 900. The transis-
tor 1200 can also include a slightly doped epitaxial layer 1202
disposed on top of the drift layer 902. The slightly doped
epitaxial layer 1202 can be a low conductivity channel. The
slightly doped epitaxial layer 1202 can be subsequently engi-
neered using carrier-wells, such as p-wells and/or n-wells, to
provide areas of increased and/or reduced conductivity as
necessary. The slightly doped epitaxial layer 1202 can be
doped using p-type dopants or n-type dopants, and can have a
thickness of up to 50 um.

In some embodiments, the slightly doped epitaxial layer
1202 can be doped slightly n-type and may comprise of
n-type dopants between 10'* cm™ to 10'® cm™. In some
embodiments, the slightly doped epitaxial layer 1202 can be
doped slightly p-type and may include p-type dopants at a
concentration of about 10"* cm™ and 10"® cm™.

FIG. 13 illustrates an improved transistor i accordance
with certain embodiments of the disclosed subject matter. The
transistor 1300 can include substantially similar layers as the
transistor 900. In addition, the transistor 1300 can include a
planar semiconductor layer 1302. The planar semiconductor
layer 1302 can facilitate the imposition of a polarization field

on the underlying semiconductor, which can assist 1n 1nject-
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ing high electron mobility carriers into the channel. The pla-
nar semiconductor layer 1302 can be formed between the
insulating layer 908 and the semiconductor layers. In some
embodiments, the planar semiconductor layer 1302 can
include a material having a wider band gap compared to the
underlying semiconductor layers. The planar semiconductor
layer 1302 can be formed using materials such as Al Ga, N
or Mg 7n,_O, where O=x=<1. In some embodiments, planar
semiconductor layer 1302 may possess n-type resistivity
from 107°Q-cm to 10°Q-cm.

In some embodiments, a transistor can include both the
slightly doped epitaxial layer 1202 and the planar semicon-
ductor layer 1302, as illustrated 1n FIG. 14 1n accordance with
certain embodiments of the disclosed subject matter.

As used herein, when a structure (e.g., layer, region) 1s
referred to as being “on”, “over” “overlying” or “supported
by’ another structure, 1t can be directly on the structure, or an
intervening structure (e.g., layer, region) also can be present.
A structure that 1s “directly on” or “in contact with” another
structure means that no intervening structure i1s present. A
structure that 1s “directly under” another structure means that

no intervening structure 1s present.

The terms “an embodiment”, “embodiment”, “embodi-
ments”’, “the embodiment”, “the embodiments™, “an embodi-
ment”, “some embodiments”, and “one embodiment” mean

“one or more (but not all) embodiments of the present dis-
closed subject matter(s)” unless expressly specified other-
wise.

The terms “including”, “having,” “comprising” and varia-
tions thereof mean “including but not limited to”, unless
expressly specified otherwise.

The term “‘consisting of” and variations therecol mean
“including and limited to”, unless expressly specified other-
wise.

The enumerated listing of 1items does not imply that any or
all of the 1tems are mutually exclusive. The enumerated list-
ing of items does not imply that any or all of the items are
collectively exhaustive of anything, unless expressly speci-
fied otherwise. The enumerated listing of 1tems does not
imply that the items are ordered 1n any manner according to
the order 1n which they are enumerated.

The terms “a”, “an” and ““the” mean “‘one or more”, unless
expressly specified otherwise.

Headings of sections provided in this patent application
and the title of this patent application are for convenience
only, and are not to be taken as limiting the disclosure in any
way.

Having thus described several aspects of at least one
embodiment of this disclosed subject matter, 1t 1s to be appre-
ciated various alterations, modifications, and improvements
will readily occur to those skilled 1n the art. Such alterations,
modifications, and improvements are mtended to be part of
this disclosure, and are intended to be within the spirit and
scope of the disclosed subject matter. Accordingly, the fore-
going description and drawings are by way of example only.

I claim:

1. A transistor comprising;:

a substrate;

a drift layer disposed on a first side of the substrate, wherein
the drift layer comprises a gallium nitride (GaN) based
material or a zinc oxide (ZnO) based matenial, and
wherein the drift layer has a thickness greater than 3 um;

a channel layer disposed above the drift layer, wherein a
portion of the channel layer comprises a mesa structure

having a sidewall;
a channel enhancement layer coupled to the sidewall of the
mesa structure, wherein the channel enhancement layer
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1s configure to form a two dimensional electron gas for
injection of highly mobile carriers into the channel
layer;

an interface layer, coupled to the channel enhancement

layer, forming a space charge region that is depleted of >

charge carriers;

a source electrode disposed above the dniit layer;

a gate electrode coupled to the mtertace layer; and

a drain electrode disposed on a second side of the substrate.

2. The transistor of claim 1, wherein the channel layer has
an 1dentical polarity as the driit layer.

3. The transistor of claim 1, wherein a width of the mesa
structure 1s less than 20 um, which 1s configured to provide a
normally-off characteristic to the transistor.

4. The transistor of claim 1, wherein a width of the mesa
structure 1s greater than 20 um, which 1s configured to provide
a normally-on characteristic to the transistor.

5. The transistor of claim 1, wherein the substrate com-
prises a ZnO-based material.

6. The transistor of claim 3, further comprising a buifer
layer disposed between the substrate and the drift layer,
wherein the buflfer layer comprises one or more of Zn Mg, _
x0, Zn Co,_ O, and Al _Ga,__ N, O=x=I1.

7. The transistor of claim 5, wherein the substrate com-
prises a material having a crystal orientation selected from the
group consisting of (000x1) c-plane polar matenals, (10£10)
m-plane non-polar materials, (11£20) a-plane non-polar
matenials, and (10-1x1), (20-2+1), (10-1£2), (11-2x1), (11-
2+2) semipolar maternials.

8. The transistor of claim 1, further comprising an interface
layer disposed between the source electrode and the dnit
layer, wherein the interface layer has a polarity opposite to the
driit layer to form a p-n junction.

9. The transistor of claim 1, wherein the substrate com-
prises a metal.

10. The transistor of claim 1, wherein the substrate com-
prises a metal-alloy having a eutectic point of about 1050° C.

11. The transistor of claim 1, further comprising an insu-
lating layer disposed between the gate electrode and the driit
layer.

12. The transistor of claim 1, further comprising an insu-
lating layer disposed between the gate electrode and the drit
layer wherein the insulating layer 1s configured as a trench
recessed 1nto at least a part of the drift layer.

13. The transistor of claim 1, further comprising a p-well
disposed 1n or above the drift layer, and an n-well disposed
within the p-well.

14. A transistor comprising;:

a substrate comprising a ZnO-based matenal;

a butfer layer disposed on a first side of the substrate;

a first semiconducting layer disposed on the buifer layer,
wherein the first semiconducting layer 1s deposited on
the first side of the substrate using one or more of epi-
taxial deposition processes, and wherein the first semi-
conducting layer has a thickness greater than 3 um;

a second semiconducting layer disposed above the first
semiconducting layer, wherein a portion of the second
semiconducting layer comprises amesa structure having
a sidewall;

a channel enhancement layer coupled to the sidewall of the
mesa structure, wherein the channel enhancement layer
1s configure to form a two dimensional electron gas for
injection of highly mobile carriers into the second semi-
conducting layer;
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an interface layer, coupled to the channel enhancement
layer, forming a space charge region that 1s depleted of
charge carriers;
a source electrode and a gate electrode, disposed above the
first semiconducting layer; and
a drain electrode disposed on a second side of the substrate.
15. The transistor of claim 14, wherein the epitaxial depo-
sition processes comprise atomic layer deposition (ALD),
metal-organic chemical wvapor deposition, (MOCVD),
hydride vapor phase epitaxy (HVPE), and liquid phase epit-
axy (LPE).
16. The transistor of claim 14, wherein the first semicon-

ductor layer comprises Al Ga,_ N and/or Zn Mg, __O mate-
rials, wherein O=sx<1.

17. The transistor of claam 14, wherein the second semi-
conductor layer 1s deposited using metal-organic chemical
vapor deposition (MOCVD) or molecular beam epitaxy
(MBE).

18. The transistor of claim 14, wherein a width and doping
profile of the mesa structure i1s configured to determine a
normally-on characteristic of the transistor.

19. The transistor of claim 14, further comprising an inter-
face layer adjacent to the second semiconductor layer,
wherein the interface layer 1s 1on-implanted.

20. The transistor of claim 14, wherein the bulifer layer
comprises one or more of Zn Mg, O, Zn Co,_ O, and

Al Ga,_ N, O=x=]1.

21. A transistor comprising:

a substrate comprising a metal;

a drift layer disposed on a first side of the substrate, wherein
the dritt layer comprises a gallium nitride (GalN) based
material or a zinc oxide (ZnQO) based material, and
wherein the drift layer has a thickness greater than 3 um;

a channel layer disposed above the drift layer, wherein a
portion of the channel layer comprises a mesa structure

having a sidewall;

a channel enhancement layer coupled to the sidewall of the
mesa structure, wherein the channel enhancement layer
1s configure to form a two dimensional electron gas for
injection of highly mobile carriers into the channel
layer;

an interface layer, coupled to the channel enhancement
layer, forming a space charge region that 1s depleted of
charge carriers;

a source electrode disposed above the dnit layer;

a gate electrode disposed above the driit layer; and

wherein the substrate 1s configured to operate as a drain
clectrode of the transistor.

22. The transistor of claim 21, further comprising a bond-
ing layer between the substrate and the drift layer, wherein the
bonding layer 1s configured to bond the metal and the drift
layer.

23. The transistor of claim 1, wherein the channel layer
comprises a p-type dopant.

24. The transistor of claim 1, wherein the interface layer 1s
ion-implanted.

25. The transistor of claim 21, wherein the interface layer1s
ion-implanted.

26. The transistor of claim 1, wherein the channel enhance-
ment layver comprises Al _Ga,_ N, wherein x 1s between 0 and
1.

27. The transistor of claim 1, wherein the channel enhance-
ment layer comprises Al Ga,_ N, wherein x 1s between 0.02

and 0.5.
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